less intense and more diffuse anomaly in the atomic displacement parameter of lead. The time dependance of the ferroelectric response on a structural level down to 250 μs confirms this interpretation in the time scale of the piezolectric strain response.
While the puzzle of thin film fatigue has been solved to a large degree in the last two decades , the mechanisms for bulk actuator fatigue remains still unsolved and particularly the structural contribution to the ferroelectric fatigue in bulk materials is not well understood in spite of intensive study 6 .
Ferroelectric fatigue is either proposed to be caused by different mechanisms on the macroscopic or mesoscopic length scales, such as the formation of interfacial layers between the metal electrodes and the ferroelectric material 7, 8 , 90-degree domains 5 and resultant strains, electromigration of oxygen vacancies to form extended defects capable of pinning domains 9, 10 , interfacial nucleation inhibition mechanisms induced by charge injection 11, 12 , macro-and/or micro-cracking 13 , etc., but to the best of our knowledge, description for fatigue on the crystal structure level has never been proposed for bulk samples. In the literature, X-ray diffraction studies of fatigue as a function of the electric field has focused on microstructural effects, which are generally probed at ψ=0° between the incident X-ray beam and the electric field vector, as the large piezoelectric strain does not permit structure refinement to be performed. PZT ceramics with compositions at the morphotropic phase boundary (MPB) 14 between the tetragonal (P4mm) and rhombohedral (R3m) phase fields exhibit optimal ferroelectric properties for a large number of technological applications (sensors and actuators, micromechanical systems, and high frequency devices). We recently reported an in situ description of the origin of the ferroelectric properties as a function of the applied electric field E based on a synchrotron X-ray diffraction study 15 at ψ=45° between the incident X-ray beam and the electric field vector to minimize microstructural effects.
The monoclinic (pseudo-rhombohedral)/ tetragonal phase ratio was found to increase with electric field, which strongly supported the hypothesis of Noheda et al., who explained the strong piezoelectric properties of PZT by the presence of a monoclinic phase 16 giving rise to a polarization rotation mechanism 17 . Note that in this study as the rhombohedral model could not correctly reproduce the low-field data, this structural model was abandoned in order to describe the electric field dependence of the structural data using the same model and the controversies between the martensitic theory and the polarization rotation models are clearly beyond the scope of the present study. Additionally, polarization flipping of polar lead atoms could unambiguously be characterized by a maximum in the disorder of lead, i.e. B iso (Pb) m , which is obtained from its isotropic atomic displacement parameter linked to the maximum of the entropy for the positive-negative value of the coercive field (E c ) in the P S -E hysteresis cycle. Based on this successfull microscopic description of the macroscopic ferro-and piezolectric properties of PZT, we decided to investigate the ferroelectric fatigue in this important technological material by synchrotron X-ray diffraction. In addition, while fatigue is found to be mainly an interfacial effect in thin films, all our experiments are performed on bulk ceramics as are used in actuators, sensors and ultrasonic motors applications. Here, we unambiguosly show the structural difference between a non-fatigued and a fatigued sample which arises from i) a less effective field induced tetragonal-tomonoclinic transformation and ii) a significantly less intense and more diffuse anomaly of B iso (Pb) m , which accounts for polarisation flipping. Finally, stroboscopic pump-probe experiments are performed in order to investigate the structuralcontribution to the time dependance of the ferroelectric response down to 250 μs which clearly support and spectacularly confirm our interpretation on the structural description of the ferroelectric fatigue in the time scale of the piezolectric strain response.
X-ray measurements were performed at the high resolution powder diffraction station of the materials science beam line at the Swiss Light Source (SLS, Villigen, Switzerland) 18 using high-energy photons λ = 0.443187 Å to study thin silver metallized PZT pellets 19 (thickness ≤ 110 µm) in transmission geometry. Commercially available PIC 151 (PI Ceramics, Lederhose, Germany), which we already used 15 as it presented optimal piezo-and ferroelectric properties properties (d 33 = 500 pC/N), long operation periods and offers a high degree of reproducibility, was used to compare unfatigued and fatigued samples. The experimental set up can be found elsewhere 15 . The time to measure a complete ferroelectric hysteresis cycle was about 20 min, resulting in a cycling frequency of 0.8 mHz. The kinetics of the field induced response were investigated with a stroboscopic pump-probe setup. In this technique, the reaction is first triggered with an electric field (pump) and then a diffraction pattern is collected at a specific time delay (probe).
During a stroboscopic experiment the sample has to be cycled many times. Special care has to be taken However, we took special care to prevent interface effects by using high quality electrodes and we clearly checked that nearly no fatigue could be observed in our material in the range of 10 5 cycles 19 . In order to assure stable conditions during the stroboscopic measurements, the samples were pre-cycled 10 5 times with a bipolar electric field of 2.0 kV/mm and a frequency of 50 Hz. In order to investigate the fatigue mechanisms, the samples were bipolar fatigued with 10 7 cycles. Fig. 1 shows the difference in the physical (Fig. 1a and 1b ) and structural behavior ( Fig. 1c and 1d) for an unfatigued and a fatigued sample. As already explained in the introduction, the ferroelectric fatigue is characterized by the loss of the switchable remanent polarization and strain as a function of the number of switching cycles. Figs. 1c and 1d show the electric field dependence using a cycling frequency of 0.8 mHz of the pseudocubic 200 c reflection, which was found to be quantitatively representative of the relative abundance of the monoclinic (pseudo-rhombohedral) and tetragonal phases 15 . It is consistent with a decrease of the tetragonal intensity, while the monoclinic intensity in between the tetragonal reflections increases with electric field. However, one can clearly observe that the field induced tetragonal-to-monoclinic transformation is not as effective for the fatigued sample. This is supported by the information obtained by Rietveld refinements of the synchrotron X-ray diffraction patterns (Table 1) , Fig. 2 . Fig. 2a and 2b shows typical high quality refinements obtained for unfatigued and fatigued PZT respectively. All the data, i.e. 24 hysteresis cycles or 2880 data sets for the unfatigued sample and 10 hysteresis cyles or 1200 data sets for the fatigued sample respectively, were refined with the same monoclinic-tetragonal two-phase model described elsewhere 15 . One can first note that the monoclinictetragonal phase fractions obtained on Fig. 3a and 3b for the unfatigued and fatigued samples respectively are consistent with a butterfly shape, which is the characteristic macroscopic signature of these materials. Additionally, the information obtained from these measurements does not exhibit dispersion and is perfectly reproducible. The edges of the butterfly shape, i.e. about 1 kV/mm, which corresponds to the increase in the monoclinic phase fraction clearly defines the coercive field as already reported 15 and this value does not change under cycling either for the unfatigued or for the fatigued samples in agreement with macroscopic measurements obtained in Fig. 1a and 1b. The only large difference between the unfatigued and the fatigued samples is therefore linked to the tetragonal-tomonoclinic transformation, which is roughly shifted by 10% towards the tetragonal phase for the fatigued sample. In agreement with Noheda et al. 16 , we attributed the strong piezoelectric response of PZT to the field-induced tetragonal-to-monoclinic transition. Therefore the 10%-phase ratio shift towards the tetragonal phase for the fatigued sample is consistent with the degradation of the macroscopic properties observed on Fig. 1a and 1b.
Furthermore, Fig. 3c and 3d show the electric field dependence of the mean square displacement of the lead atom [B iso (Pb) m ] in the monoclinic phase for the unfatigued and the fatigued sample respectively; the monoclinic phase was chosen as it is the most representative, particularly in the high electric field region. B iso (Pb) m is associated with the disorder of the considered atom 21, 15 and is therefore very sensitive to any structural change. B iso (Pb) m exhibits two anomalies at about 1kV/mm and -1kV/mm, which are consistent with the value of the coercive field. Additionally, these anomalies are always linked to a change in sign of the spontaneous polarization [(1) and (3) in Fig. 1a] and were therefore associated to the polarization flipping of the lead atoms 15 . This means that the polarization flipping can unambiguously be detected by our structural study. One has to keep in mind that lead atoms are located in non centrosymmetric positions, i.e. they have polar displacements in the PZT structure. It is, therefore, reasonable to associate the polarization flipping, carried out by these polar atoms with a maximum in the disorder parameter of lead, i.e. Biso (Pb) that characterizes the maximum of the entropy.
Finally in order to investigate the kinetics of the field induced phase transition, we performed stroboscopic pump-probe experiments with a frequency of 50 Hz. Fig. 4 shows the characteristic 200 c reflection for the unfatigued and fatigued sample respectively as a function of the applied electric field for rectangular on-off stroboscopic pump-probe measurements. It clearly demonstrates that the field induced structural response has a time scale in the range of hundreds of microseconds as observed based on macroscopic strain measurements [22] [23] [24] . After 1.5 ms, no further structural changes were observed.
More importantly, it provides clear evidence for the structural contribution to the ferroelectric fatigue over a shorter timescale. The unfatigued sample exhibits a perfect electric field induced tetragonal-tomonoclinic phase transition, while the same feature is clearly incomplete for the fatigued sample.
In conclusion, in this study the ferroelectric fatigue of commercial PZT ceramics was investigated by in situ X-ray synchrotron diffraction experiments as a function of the applied electric field. Using the ψ=45° scattering geometry between the incident X-ray beam and the electric field vector previously described to minimize microstructural effects, we unambiguously characterized contribution of the crystal structure to the fatigue based on a reduced degree of tetragonal-to-monoclinic transformation, which accounts for the reduction of the piezoelectric/ferroelectric efficiency. Loss of the switchable remanent polarization could also be evidenced by a significantly less intense and more diffuse anomaly of B iso (Pb) m for the fatigued sample, which accounts for polarisation flipping. We were also able to characterize structurally the field induced response on hundred-microseconds time scale as observed based on macroscopic strain measurements 22, 23 , which confirms without any doubt the structural description of the ferroelectric fatigue on a shorter timescale. These results will be useful to design and optimize high performance, fatigue free materials. Table 1 : Cell parameters, fractional atomic coordinates, isotropic (iso) atomic displacement parameters (Å 2 ) and agreement factors (%) for monoclinic and tetragonal PZT as a function of E for unfatigued sample and sample previously fatigued at 50 Hz respectively. Due to the use of hard X-ray photons, only the lead isotropic displacement parameters were refined. Cm: site occupancies Pb, Zr/ Ti, O (1) 
